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Vaccinia virus gene A36R encodes a 45-kDa protein that is conserved in orthopoxviruses. A virus lacking the A36R protein
formed a small plaque, was unable to induce the polymerization of actin tails, and was avirulent in vivo. Here we present a
further characterization of the A36R protein by in vitro transcription and translation and analysis of infected cells by confocal
microscopy and immunoelectron microscopy of cryosections using a monoclonal antibody raised against the C-terminal
domain of the A36R protein. Translation of the A36R mRNA in vitro produced a protein of the same size whether or not the
translation reaction was performed in the presence of canine pancreatic microsomes. However, the polypeptide synthesized
in the presence of microsomes was associated integrally with the membrane and was sensitive to digestion by exogenous
protease without permeabilization of the membrane with detergent, indicating that the majority of the protein is exposed on
the outside of the vesicle. Consistent with this, immunofluorescent analysis of virus-infected cells demonstrated that the
C-terminal domain of A36R was not exposed on the cell surface but was detected once the cell membrane was permeabil-
ized. Immunoelectron microscopy of cryosections of infected cells showed that the protein was absent from IMV particles
but present on intracellular enveloped virus (IEV) particles, predominantly on the cytosolic face of the IEV outer membrane.
Where cell-associated enveloped virus (CEV) particles were attached to the cell surface, the A36R protein was detected only
on the cytosolic surface of the plasma membrane where the virus particle remained attached to the cell and not elsewhere
on the plasma membrane or on the CEV particle. A36R and actin copurified with EEV particles due to the association of
fragments of cellular membranes with the EEV particles. Therefore, A36R represents the first example of a virus-encoded
protein that is present on IEV but not CEV particles. © 2000 Academic PressKey Words: vaccinia virus; membrane protein; extracellular enveloped virus; in vitro translation; immunoelectron
microscopy.INTRODUCTION
Vaccinia virus (VV) is a large and complex virus that
replicates in the cell cytoplasm and produces two forms
of infectious virus termed intracellular mature virus (IMV)
and extracellular enveloped virus (EEV) (Moss, 1996).
IMV particles are formed within cytoplasmic factories
and represent the majority of infectious progeny. These
particles move from the virus factories in a process that
is dependent upon microtubules and the A27L protein of
the IMV surface (Sanderson et al., 2000) to sites where
the virion is wrapped by membranes (Ichihashi et al.,
1971) derived from the early endosomes (Tooze et al.,
1993) or trans-Golgi network (TGN) (Hirt et al., 1986;
Schmelz et al., 1994). The resultant particles are called
intracellular enveloped virus (IEV). The formation of these
particles is necessary for the polymerization of actin tails
that aid virus dissemination to surrounding cells (Cud-
more et al., 1995). At the cell surface, the outer mem-
brane of IEV particle fuses with the plasma membrane to
release EEV from the cell. Some enveloped virus may1 To whom correspondence and reprint requests should be ad-
ressed. Fax: 144-1865-275501. E-mail: glsmith@molbiol.ox.ac.uk.
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26remain attached, or reattach, to the cell surface where it
is called cell-associated enveloped virus (CEV) (Blasco
and Moss, 1992).
Six genes (F13L, A33R, A34R, A36R, A56R, and B5R)
have been reported to encode proteins that are associ-
ated with EEV but not IMV particles (Hiller and Weber,
1985; Shida, 1986; Duncan and Smith, 1992; Engelstad et
al., 1992; Isaacs et al., 1992; Parkinson and Smith, 1994;
Roper et al., 1996). These proteins have different roles in
virus morphogenesis. Four, F13L (Blasco and Moss,
1991; Cudmore et al., 1995), A33R (Roper et al., 1998),
A34R (Duncan and Smith, 1992; McIntosh and Smith,
1996; Wolffe et al., 1997; Sanderson et al., 1998), and B5R
(Engelstad and Smith, 1993; Wolffe et al., 1993; Sander-
son et al., 1998), are needed for efficient wrapping of IMV
to IEV and consequently for efficient actin tail formation.
A36R is not required for IEV formation but is required to
make actin tails (Parkinson and Smith, 1994; Sanderson
et al., 1998; Wolffe et al., 1998; Frischknecht et al., 1999).
The other gene, A56R, is not required for either of these
processes (Sanderson et al., 1998), but its loss causes
the plaque phenotype to become syncytial (Ichihashi and
Dales, 1971). In cases where actin tail formation is re-
duced or abolished, the plaque formed by the mutant
2
t
p
c
k
h
d
t
s
S
p
p
t
(
b
d
e
(
e
A
t
s
w
a
p
c
27V V A36R PROTEIN AND ENVELOPED VIRUS PARTICLESvirus is small. EEV formation is influenced in different
ways by these gene products. Loss of F13L (Blasco and
Moss, 1991), A36R (Parkinson and Smith, 1994), and B5R
(Engelstad and Smith, 1993; Wolffe et al., 1993) caused a
100-, 3- to 5-, and 10-fold reduction in EEV infectious titer,
respectively. In contrast, viruses lacking A33R (Roper et
al., 1998) or A34R (McIntosh and Smith, 1996) produced
- to 4- or 25-fold more EEV, although in the latter case
he EEV had a 5-fold reduced specific infectivity.
The A36R gene product was identified as a 45-kDa
rotein that copurified with EEV during density gradient
entrifugation and is conserved in orthopoxviruses (Par-
inson and Smith, 1994). It possesses an N-terminal
ydrophobic sequence and seven potential sites for ad-
ition of N-linked carbohydrate, but its size was unal-
ered after synthesis in the presence of tunicamycin,
uggesting that these were unused (Parkinson and
mith, 1994). Based upon the sensitivity of the A36R
rotein in purified EEV to digestion with protease, it was
roposed that the majority of the protein was exposed on
he outside of the virion with a type II membrane topology
Parkinson and Smith, 1994). However, subsequently it
ecame evident that EEV purified by sucrose or CsCl
ensity gradient centrifugation has a damaged outer
nvelope that permits the entry of anti-IMV antibody
Vanderplasschen and Smith, 1997) and so presumably
xogenous protease too. Thus the protease sensitivity of
36R in purified EEV did not prove type II membrane
opology of the protein. Recently, the A36R protein was
hown to have a type Ib topology in which the N-terminus
as exposed in the lumen of the wrapping membranes
nd the outside of the virion, while the majority of the
rotein, including the C-terminus, was exposed in the
ytosol (Ro¨ttger et al., 1999). A prediction from this ob-
servation was that most of the A36R protein would be
internal of the EEV outer envelope, and in accord with
this, EEV particles were not stained with antibody raised
against the C-terminal domain of A36R (Ro¨ttger et al.,
1999). However, an alternative interpretation of these
data would be that A36R is not present in EEV. A36R was
shown by immunoprecipitation to interact with the A33R
and A34R EEV proteins (Ro¨ttger et al., 1999).
In this study, we have investigated the topology and
location of the A36R protein in cellular membranes and
virions by immunoelectron microscopy, confocal micros-
copy, and in vitro transcription and translation. These
data show that the protein has a type Ib topology and is
present on the membranes that wrap IMV particles to
form IEV within infected cells. In addition, we report that
the A36R protein is predominantly on the outer IEV mem-
brane, and where CEV particles were in close contact
with the plasma membrane, the A36R protein was de-
tected only on the cytosolic face of the plasma mem-
brane rather than on the CEV particle. This places A36R
in a perfect location for the polarized formation of actin
tails from the plasma membrane to drive CEV particlesaway from the cell. We propose that A36R was detected
by immunoblotting with EEV particles because of the
tight association of some EEV particles with fragments of
cell membranes that copurify with EEV particles.
RESULTS
In vitro transcription and translation of A36R
The membrane association of the A36R protein was
investigated by cloning the A36R ORF into plasmid
pGEM3Z downstream of the promoter recognized by
bacteriophage T7 RNA polymerase. This plasmid was
then transcribed in vitro using T7 RNA polymerase and
the RNA was translated in vitro using a micrococcal
nuclease-treated rabbit reticulocyte lysate in the pres-
ence or absence of canine pancreatic microsomes as
described (Parkinson et al., 1995) (Fig. 1). The size of the
A36R protein made in the presence or absence of mi-
crosomes was the same (Fig. 1, compare lanes 1 and 4)
suggesting a lack of posttranslational proteolysis or gly-
cosylation of the protein. However, the behavior of the
protein during subsequent fractionation by centrifugation
differed depending on whether the protein had been
translated in the presence or absence of microsomes. In
the absence of microsomes (Fig. 1, lanes 4–6) the ma-
jority of the protein was in the supernatant (S) after
centrifugation, whereas after translation with micro-
somes, the majority of the protein was present in the
pellet (P) (Fig. 1, lane 2). For comparison, the lumenal
protein yeast a factor was translated in parallel (Fig. 1,
lanes 7–12). As expected, the size of the a factor in-
creased from 19 kDa (without microsomes) to 29 kDa
(with microsomes), due to the glycosylation of the pro-
tein. As for A36R, the protein synthesized without micro-
somes was in the supernatant after centrifugation,
whereas the protein pelleted during centrifugation if it
was translated in the presence of microsomes (Fig. 1,
FIG. 1. The A36R protein is associated with microsomes. The V V WR
A36R protein (lanes 1–6) or yeast a factor (lanes 7–12) were transcribed
and translated in vitro in the presence (1) or absence (2) of microso-
mal membranes as described under Materials and Methods. Reaction
products were then separated in total (T), supernatant (S), or pellet (P)
fractions. Samples were resolved by SDS–PAGE (12% gel) and detected
by autoradiography of the dried gel. Molecular mass markers in kilo-
daltons are indicated.lane 8). These data demonstrated an association of A36R
with microsomal membranes.
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28 VAN EIJL, HOLLINSHEAD, AND SMITHThe A36R protein is an integral membrane protein
The nature of the association of A36R with the micro-
somes was examined by extracting translation reactions
with Na2CO3 at pH 11.5 (Fig. 2), a method that enables
integral membrane proteins to be distinguished from
proteins associated with membranes peripherally or in
the vesicle lumen. When the A36R protein was translated
in the presence of microsomes and then extracted with
Na2CO3, it was associated predominantly with the pellet
raction (Fig. 2, lane 2), whereas if microsomes were
mitted during translation, the protein was soluble after
a2CO3 extraction (Fig. 2, lane 6). As shown in Fig. 1, the
rotein was soluble in PBS after translation without
embranes, but was in the pellet if translated with mem-
ranes (Fig. 2, lanes 3, 4, 7, and 8). These data showed
hat A36R was an integral membrane protein. In contrast,
hen yeast a factor was translated in the presence of
microsomes (Fig. 2, lanes 9–12) and fractionated with
Na2CO3, it was predominantly a soluble protein (Fig. 2,
ane 10), consistent with the release of the protein into
he lumen of the vesicle.
he A36R protein synthesized in the presence of
icrosomes is sensitive to exogenous protease
To determine the membrane topology of the A36R
rotein, mRNA was translated in the presence or ab-
ence of microsomes and then subjected to digestion
ith trypsin in the presence or absence of Triton X-100
Fig. 3, lanes 1–6). The 45-kDa A36R protein (Fig. 3, lane
) was destroyed by incubation with trypsin even if the
ample was not treated with detergent to disrupt the
icrosomal membrane (Fig. 3, lane 2). This indicated
hat the majority of the A36R protein was exposed to
rotease on the outside of the vesicle. In contrast, similar
xperiments with yeast a factor (Fig. 3, lanes 7–9)
howed that the protein was resistant to protease unless
he membrane of the vesicle was first destroyed by
FIG. 2. The A36R protein is an integral membrane protein. The A36R
protein (lanes 1–8) or yeast a factor (lanes 9–16) were transcribed and
translated in vitro and then extracted with Na2CO3, pH 11.5, or with PBS
as indicated. Samples were then separated into pellet (P) or superna-
tant (S) fractions as described in the legend Fig. 1 and all samples were
resolved by SDS–PAGE (12% gel) and detected by autoradiography of
the dried gel. Molecular mass markers in kilodaltons are indicated.ddition of detergent (Fig. 3, lanes 7–9). This served as a
ontrol to show that the microsomal membranes werentact and impermeable to protease in the absence of
etergent.
Collectively, these data showed that the A36R protein
as associated integrally with membranes and that it
ad type Ib topology with the majority of the protein after
he N-terminal, hydrophobic, membrane-spanning se-
uence exposed in the cytosol.
he A36R protein is not exposed on the surface of
nfected cells
The polyclonal antibody against A36R used previously
Parkinson and Smith, 1994) did not work well for immu-
ofluorescence or immunoprecipitation and therefore a
onoclonal antibody (MAb) to the protein was produced
o characterize the A36R protein in cells. Mice were
mmunized with A36R protein that had been expressed
nd purified from Escherichia coli as described (Parkin-
on and Smith, 1994) and a MAb was isolated as de-
cribed under Materials and Methods. The specificity of
Ab 6.3 for A36R was demonstrated by immunofluores-
ence (Fig. 4). BS-C-1 cells were infected with VV West-
rn Reserve (WR), a recombinant VV lacking the A36R
ene (A36R), or a revertant virus, RA36R, in which the
36R gene was reinserted into A36R (Parkinson and
mith, 1994), and at 12 h postinfection (p.i.) the cells were
ixed and processed for indirect immunofluorescence.
at MAb 19C2 (Schmelz et al., 1994) recognized the B5R
rotein in cells infected by all viruses (Figs. 4b, 4e, and
h), whereas mouse MAb 6.3 recognized cells infected
ith WR (Fig. 4a) and RA36R (Fig. 4g) but not A36R (Fig.
4d). The cell shown in Figs. 4d–4f was definitely infected
because it stains with MAb 19C2 (Fig. 4e).
To examine the location of A36R in virus-infected cells,
BS-C-1 cells were infected with VV strain WR and then
were stained with MAb 6.3 or 19C2 (Fig. 5). If the cells
were fixed and permeabilized before addition of the
FIG. 3. The A36R protein is exposed on the outside of the microso-
mal membrane. The A36R protein (lanes 1–6) or yeast a factor (lanes
7–9) were transcribed and translated in vitro in the presence (1) or
absence (2) or microsomes as described in the legend to Fig. 1. The
samples were then separated into three equal fractions and incubated
for 10 min on ice with equal volumes of PBS (lanes 1, 4, and 7), PBS
containing trypsin (0.2 mg/ml) (lanes 2, 5, and 8), or PBS containing
trypsin and 0.2% Triton X-100 (lanes 3, 6, and 9). Samples were then
resolved by SDS–PAGE (12% gel) and detected by autoradiography of
the dried gel. Molecular mass markers in kilodaltons are indicated.
e, and h) stained with MAb 19C2 against the V V B5R protein. Panels c, f, and i show the merged images of a and b, d and e, and g and h, respectively.
Bar, 10 mm.
29V V A36R PROTEIN AND ENVELOPED VIRUS PARTICLESFIG. 5. The A36R protein is not exposed on the cell surface. BS-C-1 cells were infected with V V WR at 1 PFU/cell and then processed for
immunofluorescent microscopy as described under Materials and Methods. In a–c the cells were stained with MAbs 6.3 or 19C2 after fixation of the
cells with paraformaldehyde and permeabilization with saponin, whereas in d–f the cells were stained with these antibodies prior to fixation orFIG. 4. MAb 6.3 is specific for the V V WR A36R protein. BS-C-1 cells were infected with the indicated viruses at 1 PFU/cell and at 12 h p.i. were
processed for indirect immunofluorescent microscopy as described under Materials and Methods. Panels a, d, and g were stained with MAb 6.3; (b,permeabilization (live cells). Bound antibodies were detected with secondary conjugates as indicated under Materials and Methods and cells were
examined by confocal microscopy. (c and f) The merged images shown in a and b and d and e, respectively.
30 VAN EIJL, HOLLINSHEAD, AND SMITHMAbs, both MAbs reacted with dispersed virus particles
(Figs. 5a and 5b) and merging these two images showed
the staining with these different antibodies was coinci-
dent (Fig. 5c). However, if the MAbs were added to live
cells before fixation and permeabilization (Figs. 5d–5f),
the A36R-positive structures were not evident. This dem-
onstrated that the C-terminal domain of the A36R protein,
to which the MAb is directed, was not exposed on the
surface of cells or CEV particles on the cell surface.
Immunoelectron microscopy
The location of the A36R protein in cells and virions
was examined in more detail by immunoelectron micros-
copy. HeLa cells were infected with VV strain WR and
processed for cryoelectron microscopy at 9 h p.i. as
described under Materials and Methods. Cryosections of
infected cells were stained with MAbs against the A36R
(or F13L) proteins and detected by staining with protein
A–gold particles. In sections stained with the anti-A36R
MAb, isolated IMV particles were unstained, but mem-
branes wrapping IMV particles to become IEV (Fig. 5a),
or complete IEV particles (Fig. 5c) were stained with
numerous gold particles. Careful examination of the dis-
tribution of these gold particles in several IEV particles
(e.g., Fig. 5c) indicated that the great majority (85%) were
located on the cytosolic face of the outer wrapping mem-
brane rather than on the inner membrane or between the
membranes. Examination of CEV particles on the cell
surface revealed an unexpected distribution of A36R.
Numerous gold particles were seen on the internal face
of the plasma membrane where the CEV particle was in
contact with the cell, but few if any gold particles were
seen on the outer membrane of CEV or between the CEV
outer membrane and the cell surface (Fig. 5e). As a
control, cells were also stained with MAb 15B6 (Schmelz
et al., 1994) that is directed against the F13L gene prod-
uct. Like A36R, the F13L antigen was not associated with
IMV particles (Fig. 5b), but the outer membranes of IEV
particles contained many gold particles (Fig. 5d). In ad-
dition, CEV particles at the cell surface stained strongly
for the F13L protein, but extensive labeling at the inter-
face of the CEV and plasma membrane was not ob-
served (Fig. 5f). Thus the A36R and F13L proteins have
different distributions at the cell surface where the cell is
in contact with CEV particles, and whereas F13L is as-
sociated with CEV particles, A36R is not.
Some released EEV particles are associated with
A36R and polymerized actin
Previous immunoblot analyses had shown that A36R
was associated with EEV particles that had been purified
by density gradient centrifugation (Parkinson and Smith,
1994; Galmiche et al., 1999; Ro¨ttger et al., 1999). This
result is inconsistent with the immunoelectron micros-
copy presented in Fig. 6. The distribution of A36R on theplasma membrane suggested that A36R might associate
with EEV particles indirectly via fragments of plasma
membrane that remain attached to EEV particles as CEV
particles are released from the cell. To address this, cells
were infected with VV WR and stained with MAbs
against A36R or B5R, costained with rhodamine–phalloi-
din and DAPI, and processed for immunofluorescent
confocal microscopy (Fig. 7). A36R antigen was seen on
particulate structures that were also stained by DAPI
suggesting that they were virus particles (data not
shown) and that in some cases were protruding from the
cell surface and in other cases were well separated from
the cell (Fig. 7a). Costaining with phalloidin (Fig. 7b) and
merging of the images (Fig. 7c) showed that the A36R-
positive particles (virions) protruding from the cell sur-
face colocalized with actin. In addition, some of the
DAPI-positive particles that were separated from the cell
were positive for both actin and A36R. Similarly, B5R-
positive particles were present at the cell surface and
separated from the cell. In the latter case, some of the
particles colocalized with polymerized actin. The images
shown are reconstructions of a series of optical sections
so that if the virions were still attached to the cell via
actin tails these connections would have been evident.
The lack of such connections is consistent with the
virions being EEV particles and indicates that some of
these virions are associated with both A36R and actin.
The presence of actin in EEV particles was also
examined by immunoblotting (Fig. 8). EEV were puri-
fied from cells infected with WR or IHD-J and extracts
of these virions were analyzed by immunoblotting in
parallel with extracts of infected cells. A36R and actin
were found in WR EEV but not on IHD-J EEV, although
in some preparation of IHD-J EEV, small amounts were
detected after much longer exposure (data not shown).
However, in all cases the amount of A36R found in
IHD-J EEV was very much lower than that present in
WR EEV. Probing the filters with MAbs against F13L
and D8L (virion proteins) confirmed that equal
amounts of IHD-J EEV had been loaded onto the filter.
All these antigens were detected in virus-infected
cells. The presence of actin and A36R in WR EEV but
not IHD-J EEV might be explained by the fact that
IHD-J-enveloped virions predominantly are released
from the cell surface rather than being retained as
CEV, whereas WR-enveloped virions are mostly re-
tained as CEV (Blasco and Moss, 1992). Perhaps the
stronger interaction of WR-enveloped virions with the
plasma membrane causes fragments of plasma mem-
brane and associated actin tails to be torn from the
cell surface (or the surface of protruding virus-tipped
microvilli) during virus release. For IHD-J EEV, the
natural release of enveloped virions might prevent this
to a large degree.
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31V V A36R PROTEIN AND ENVELOPED VIRUS PARTICLESDISCUSSION
The membrane topology of the A36R protein and its
ssociation with membranes of infected cells and virus
articles have been examined. In vitro transcription and
ranslation demonstrated that the A36R protein was an
ntegral membrane protein with the majority of the pro-
FIG. 6. Immunoelectron microscopy of infected cells. HeLa cells wer
of cryosections at 9 h p.i. In a, c, and e the sections were stained with M
with MAb 15B6 against the F13L protein. For the detection of bound MA
were used. (a and d) An IMV particle that in (a) is becoming wrapped
and f) CEV particles on the cell surface. Arrows point to the single IM
two membranes of CEV particles. Bars, 100 nm.ein on the outside of the vesicle and therefore in the
ytosol of the infected cell. A MAb was generated
w
wgainst the A36R protein and used to examine the loca-
ion of the protein in infected cells and virus particles.
36R was not expressed on the cell surface and was
bsent from IMV and CEV particles but was present on
he IEV particles and on the cytosolic face of the plasma
embrane where a CEV particle was in direct contact
ted with V V strain WR and processed for immunoelectron microscopy
against the A36R protein, and in b, d, and f the sections were stained
-nm gold particles were used, while for MAb 15B6 9-nm gold particles
embranes containing the A36R protein; (b and e) IEV particles; and (c
brane of IMV particles, the three membranes of IEV particles, and thee infec
Ab 6.3
B 6.3, 6
with mith the cell. A36R and actin were detected associated
ith WR but not IHD-J EEV.
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32 VAN EIJL, HOLLINSHEAD, AND SMITHThe conclusion that the A36R protein is an integral
membrane protein with the bulk of the protein in the
cytosol and not on the cell surface (type Ib membrane
topology) is in agreement with the recent work of Ro¨ttger
et al. (1999). Using microinjection of antibody raised to
the C-terminal domain of the A36R protein, Ro¨ttger et al.
showed that the A36R protein was in the cytosol and not
within lumen of the wrapping membranes. The observa-
tion that the A36R protein has seven potential sites for
addition of N-linked carbohydrate, and yet none of these
are used (Parkinson and Smith, 1994), is also consistent
with the type Ib topology of the A36R protein. These
motifs would not become accessible to the glycosylation
enzymes within the lumen of the endoplasmic reticulum.
Here we have used confocal and immunoelectron mi-
croscopy to investigate the distribution of A36R protein in
FIG. 7. The A36R protein and actin are associated with some EEV pa
t 1 PFU/cell. Cells to be stained with MAb 6.3 (a–c) were harvested a
t 9 h p.i. After washing 33 with ice-cold PBS, the cells were fixed by
ells were then washed in PBS (as above) and permeabilized by additi
nd stained with MAb 6.3 or 19C2 as described in the legend to Fig. 4. F
ounted in Mowiol containing DAPI. Images were recorded using a B
dobe Photoshop software. Insets show enlarged particles indicatedcells and virions. Immunoelectron microscopy showed
that the A36R protein is not associated with IMV particlesbut is associated with the cellular membranes used to
wrap IMV particles to form IEV. Analysis of multiple IEV
particles suggested that the majority of gold particles
was located on the cytosolic face of the outer wrapping
membrane rather than between the IMV particle and the
inner wrapping membrane. If A36R was present on only
the outer IEV membrane, it would be lost from IEV during
fusion of this membrane with the plasma membrane.
This unequal distribution of A36R between the inner and
outer wrapping membrane is consistent with images of
CEV particles in which only the cytosolic face of the
plasma membrane was stained by A36R, and gold par-
ticles were not detected elsewhere on the plasma mem-
brane nor on the CEV particle itself. The nonrandom
distribution of the A36R on IEV particles and its absence
from CEV might be explained by the inaccessibility of the
RK13 cells grown on glass coverslips were infected with V V strain WR
p.i., whereas cells to be stained with MAb 19C2 (d–f) were harvested
tion in paraformaldehyde as described under Materials and Methods.
5% Triton X-100 in PBS for 2 min at RT. Cells were then washed in PBS
as stained with TRITC-conjugated phalloidin (Sigma). Coverslips were
MRC 1024 confocal laser scanning microscope and processed using
ws. Bars, 10 mm in main panels and 1 mm in insets.rticles.
t 13 h
incuba
on of 0.
-actin wepitope recognized by MAb 6.3 due to its tight associa-
tion with another virus or cell protein. While this cannot
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33V V A36R PROTEIN AND ENVELOPED VIRUS PARTICLESbe excluded, the MAb directed against F13L detected
this antigen on CEV particles between the IMV surface
and the outer CEV membrane. Assuming that A36R is
inserted into the rough endoplasmic reticulum mem-
brane during translation and is then processed through
the export pathway to the TGN, the presence of A36R on
only the outer IEV membrane and its absence from CEV
particles indicates that a mechanism exists to create this
unequal distribution. This might involve exclusion of
A36R from between IMV and the inner wrapping mem-
brane, as envelopment of the IMV particle progresses.
For instance, interactions between the F13L protein on
the cytosolic surface of the wrapping membranes and
the A27L protein on the surface of IMV might progres-
sively exclude A36R from this location. Notably, both
A27L and F13L are required for wrapping to proceed,
whereas A36R is not (Rodriguez and Smith, 1990; Blasco
and Moss, 1991). Other EEV proteins, such as B5R, A33R,
and A34R, might not be excluded since the bulk of each
of these proteins is within the lumen of the wrapping
membranes rather than in the cytosol. Alternatively, the
selective recruitment of A36R to the outer IEV membrane
might be aided by interactions of A36R with cytoplasmic
components involved in the polymerization of actin
(Frischknecht et al., 1999). Whatever the mechanism, the
FIG. 8. A36R and actin are present in purified WR EEV. WR and IHD-J
EEV were harvested from infected RK13 cells and purified from by
sucrose density gradient centrifugation as described (Parkinson and
Smith, 1994). Samples (2 mg) were resolved by SDS–PAGE (12% gel)
longside extracts from BS-C-1 cells that had been infected with WR or
HD-J at 10 PFU/cell for 24 h. After transfer of proteins to filters, blots
ere probed with MAb 6.3 [tissue culture supernatant diluted 1/5 in
BS containing 0.1% Tween 20 (Sigma) and 5% milk powder (PBS/T/M)]
r with an anti-actin rabbit polyclonal antibody (Sigma, diluted 1/250 in
BS/T/M). Bound Ig was detected using secondary antibodies (Sigma)
nd ECL reagents (Amersham). Filters were then stripped and re-
robed with MAbs 15B6 (anti-F13L) (Hiller and Weber, 1985) or AB1.1
anti-D8L) (Parkinson and Smith, 1994) diluted 1/500 or 1/1000 in PBS/
/M, respectively. Bound Ig was detected as before. Protein molecular
eight markers are shown in kilodaltons.exclusion of A36R from the inner membrane must have
occurred prior to the completion of the wrapping pro-
t
Acess, because subsequently the inner and outer mem-
branes are no longer physically connected.
Originally, the A36R protein was found associated with
EEV preparations that had been purified by density gra-
dient centrifugation. However, this study indicates that
A36R is not present in CEV, and therefore EEV, particles
and was found by immunoblotting to be associated with
EEV because of the copurification of fragments of cellu-
lar membranes with EEV. Consistent with this, we dem-
onstrate here that some virus particles that have de-
tached from the cell are associated with both A36R and
polymerized actin. In other cases, detached virions
stained for A36R and not actin because, presumably, the
actin tail was no longer associated with the fragment of
membrane. It is likely that many EEV particles are asso-
ciated with neither A36R nor actin. Previously, Vander-
plasschen et al. (1998) reported the copurification of
several cellular proteins with EEV but not IMV prepara-
tions (Vanderplasschen et al., 1998). Three of these pro-
teins (CD46, CD55, and CD59) were shown by immuno-
gold electron microscopy to be physically associated
with EEV membranes. However, although the IHD-J
strain of VV was used, it remains possible that the other
proteins (CD71, CD81, and MHC class I antigen) were
associated with plasma membrane fragments interacting
with EEV particles. Immunoelectron microscopy is
needed to investigate this.
The A36R protein represents the only example of a
virus-encoded protein that is present on the IEV but
not CEV (and EEV) particle. Therefore, the A36R pro-
tein is not required for virion infectivity, by promoting
binding or reentry of virions into cells, but is required
to promote the polymerization of actin and dissemina-
tion of virions to surrounding cells. Several observa-
tions support this conclusion: first, the A36R deletion
mutant can form IEV and EEV particles, but not actin
tails, and the plaque phenotype is small (Parkinson
and Smith, 1994; Sanderson et al., 1998; Wolffe et al.,
998; Ro¨ttger et al., 1999); second, the A36R protein is
ocated on the cytosolic face of cell membranes in a
osition to promote actin tail formation (Ro¨ttger et al.,
999; and this paper); and third, mutagenesis of the
36R protein shows that tyrosine phosphorylation of
36R is needed for actin polymerization (Frischknecht
t al., 1999). Concerning the site of actin tail polymer-
zation, it was suggested previously that this occurs on
EV particles within the cell and the growing actin tail
rives the IEV particle toward the cell surface (Cud-
ore et al., 1995), although published data do not
istinguish between intracellular and cell surface ac-
in polymerization. We favor an alternative model in
hich actin tail formation takes place at the plasma
embrane where a CEV particle is present. First, actin
ails are not needed for the movement of IEV particles
o the cell surface since viruses lacking A34R and
36R make IEV, CEV, and EEV but do not make actin
(
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merized on IEV particles, why does it take place on
only one side of the virion in view of the fact that A36R
is present over the entire virion? At the cell surface,
however, A36R is present only immediately beneath
the CEV particle in a position suitable to polymerize
actin on only one side of the virion and to drive the
CEV particle away from the cell. Notably, the plasma
membrane on either side of the CEV particle is devoid
of A36R, even though part of this membrane would
previously have been the IEV outer membrane. This
suggests an increased concentration of A36R imme-
diately underneath the CEV particle after fusion of the
IEV outer membrane with the plasma membrane and
possibly an increased density of A36R is a trigger to
promote actin polymerization. Third, the biochemical
analysis of the cellular proteins recruited during vac-
cinia virus-induced actin tail polymerization concluded
that this mimics receptor tyrosine kinase signaling
(Frischknecht et al., 1999), which occurs at the cell
surface. Further experimentation is needed to address
where actin tails are formed.
In summary, the A36R protein is shown to be a type Ib
membrane protein that is present on IEV but not IMV or
CEV particles.
MATERIALS AND METHODS
Cells and viruses
VV strain WR, A36R, and RA36R have been de-
scribed (Parkinson and Smith, 1994). These viruses were
grown and titrated in BS-C-1 cells as described (Mackett
et al., 1985). BS-C-1, HeLa, and RK13 cells were grown in
minimum essential medium (MEM) supplemented with
10% fetal bovine serum (FBS) (GibcoBRL).
Plasmid construction
The VV WR A36R ORF was excised from plasmid
pJEP6 (Parkinson, 1995) by digestion with BamHI and
ligated with pGEM3Z (Promega) that had been digested
with the same enzyme, forming pHE4, so that the A36R
ORF was downstream of the T7 RNA polymerase pro-
moter.
In vitro transcription and translation
In vitro transcription and translation reactions were
carried out as described previously (Parkinson et al.,
1995). Briefly, plasmid pJEP6 was digested with HincII
and then transcribed by T7 RNA polymerase using the
RiboMAX large-scale production system (Promega).
One-tenth of the resultant RNA was translated in 25 ml of
a micrococcal nuclease-treated rabbit reticulocyte lysate
(Amersham) in the presence of 20 mCi of [35S]methionine
in vivo cell labeling grade, Amersham) with or without
anine pancreatic microsomes (Promega). Yeast a factoras transcribed and translated in parallel. Where indi-
ated, the in vitro translation reactions were centrifuged
13,000 rpm, 30 min, 4°C in a Heraeus Biofuge) to pellet
icrosomes and associated proteins. The supernatant
as then removed and the pellet was resuspended in 25
ml of phosphate-buffered saline (PBS). Aliquots were
resolved by sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS–PAGE) on a 12% gel and radiola-
beled proteins were detected by autoradiography of the
dried gel.
Sodium carbonate extraction
Proteins that had been translated in vitro in the pres-
ence or absence of canine pancreatic microsomes were
extracted with Na2CO3, pH 11.5, as follows. Ten microliter
aliquots were mixed with an equal volume of 0.2 M
Na2CO3 or PBS and left on ice for 10 min. Samples were
hen centrifuged (13,000 rpm, 30 min, 4°C in a Heraeus
iofuge) and the supernatant (S) and pellet (P) fractions
ere collected. Pellets were resuspended in 20 ml of
protein loading buffer and then all samples were ana-
lyzed by SDS–PAGE (12% gel) and autoradiography.
Trypsinization
In vitro translation reactions were divided equally into
three microfuge tubes and these aliquots were mixed
with equal volumes of PBS, PBS plus 0.2 mg/ml trypsin
(Sigma), or PBS plus trypsin and 0.2% Triton X-100. Each
sample was incubated on ice for 10 min and the reaction
stopped by the addition of trypsin inhibitor (Sigma) to a
final concentration of 1 mg/ml. Samples were then ana-
lyzed by SDS–PAGE as above.
Generation of monoclonal antibody against A36R
Balb/c mice were immunized with purified recombi-
nant A36R protein, produced from E. coli as described
previously (Parkinson and Smith, 1994), until they had
mounted a strong A36R-specific antibody response that
could be detected by immunofluorescence and immuno-
blotting. After a final boost with antigen, the spleens
were removed and fused with mouse HAT-sensitive
NS1/1 myeloma cells and the resultant hybridomas were
seeded into 96-well plates and grown for 10 days. Su-
pernatants were screened for A36R-specific antibody by
indirect immunofluorescence on plaques formed by VV
WR or A36R on monolayers of RK13 cells. Positive
clones were confirmed by immunoblotting using extracts
from cells that had been infected with these viruses.
After three cycles of cloning by limiting dilution, a clone
that secreted an A36R-reactive antibody was selected
and called MAb 6.3. The subclass of this antibody was
identified as IgG1 using a immunoglobulin typing kit
(Sigma).
35V V A36R PROTEIN AND ENVELOPED VIRUS PARTICLESImmunofluorescence
BS-C-1 cells were grown on glass coverslips and were
infected with VV WR, A36R, or RA36R at 1 PFU/cell and
incubated in MEM containing 2.5% FBS. For staining of
live cells, at 12 h p.i. the culture medium was replaced
with MEM containing mouse MAb 6.3 against A36R (hy-
bridoma culture supernatant diluted 1:10) and rat MAb
19C2 against B5R (Schmelz et al., 1994) (hybridoma cul-
ture supernatant diluted 1:50) and incubation continued
for 1 h at 37°C. Cells were washed three times in ice-
cold PBS and then fixed by incubation in 4% paraformal-
dehyde, 250 mM HEPES, pH 7.4, for 10 min on ice,
followed by 50 min on ice in 8% paraformaldehyde in the
same buffer. Cells were then washed with PBS and
quenched in 50 mM NH4Cl for 5 min at room temperature
(RT). After washing again in PBS, the cells were perme-
abilized by incubation in PBS, 0.1% saponin (Sigma), 10%
FBS for 10 min at RT. After washing with PBS containing
10% FBS, the cells were incubated in PBS, 0.1% saponin,
10% FBS containing fluorescein b isothiocyanate (FITC)-
conjugated goat anti-mouse IgG that had been pread-
sorbed against rat IgG (diluted 1:100) (Stratech Scientific,
Luton, Bedfordshire, UK), and rhodamine-conjugated
donkey anti-rat IgG that had been preabsorbed against
mouse IgG (diluted 1:100) (Stratech Scientific) for 30 min
at RT. Cells were washed twice in PBS and once in water
and then mounted in Mowiol as described previously
(Sanderson et al., 1996).
To stain fixed and permeabilized cells with MAbs, cells
were incubated in MEM containing 2.5% FBS until 12 h
p.i., the medium was then changed to MEM containing
2.5% FBS, and incubation was continued for 1 h. Cells
were then fixed, permeabilized, and incubated with
MAbs 6.3 and 19C2 as above. After washing, the cells
were stained by FITC- or TRITC-conjugated secondary
antibodies as above and examined with a Bio-Rad MRC
1024 laser scanning confocal microscope. Images were
collected at 60-fold magnification using COMOS soft-
ware and processed using Adobe Photoshop.
Electron microscopy
HeLa cells were infected with VV strain WR at 10
PFU/cell and at 9 h p.i. the cells were fixed in parafor-
maldehyde as described for immunofluorescence and
frozen in 2.1 M sucrose. Frozen samples were sectioned
on a Reichert Ultracut S microtome with FCS attachment,
thawed, and placed on electron microscope grids. Sec-
tions were washed in PBS, incubated for 45 min at RT
with mouse MAb 6.3 (undiluted hybridoma culture super-
natant) or with rat MAb 15B6 (hybridoma culture super-
natant diluted 1:10 in PBS containing 5% FBS), and then
washed in PBS, 5% FBS. Bound Ig was detected by
incubation with rabbit anti-mouse IgG (Sigma, diluted
1:50 in PBS, 5% FBS) for 30 min at RT, washed again in
PBS, 5% FBS, and then incubated with protein A–gold(6-nm gold particles diluted 1:100 in PBS, 5% FBS). After
a final wash in PBS, the samples were embedded in
uranyl acetate methyl cellulose and dried. Labeled
sections were examined in an Omega 912 electron mi-
croscope (Zeiss, LEO Electron Microscope Ltd.,
Oberkochen, Germany) equipped with a Proscan cooled
slow-scan charge-coupled device camera (1024 3 1024
pixels) and a Dage-MTI Model SIT 66 low-light-level
camera. All digital images were captured with the inte-
grated Soft Imaging Software (SIS) image analysis pack-
age (Soft Imaging Software, GmbH, Mu¨nster, Germany)
and processed with Adobe Photoshop software.
ACKNOWLEDGMENTS
This work was supported by the European Community, the UK Med-
ical Research Council, and an equipment grant from The Wellcome
Trust. We thank Mike Puklavec (MRC Cellular Immunology Unit) for help
with hybridoma fusions.
REFERENCES
Blasco, R., and Moss, B. (1991). Extracellular vaccinia virus formation
and cell-to-cell virus transmission are prevented by deletion of the
gene encoding the 37,000-Dalton outer envelope protein. J. Virol. 65,
5910–5920.
Blasco, R., and Moss, B. (1992). Role of cell-associated enveloped
vaccinia virus in cell-to-cell spread. J. Virol. 66, 4170–4179.
Cudmore, S., Cossart, P., Griffiths, G., and Way, M. (1995). Actin-based
motility of vaccinia virus. Nature 378, 636–638.
Duncan, S. A., and Smith, G. L. (1992). Identification and characteriza-
tion of an extracellular envelope glycoprotein affecting vaccinia virus
egress. J. Virol. 66, 1610–1621.
Engelstad, M., Howard, S. T., and Smith, G. L. (1992). A constitutively
expressed vaccinia gene encodes a 42-kDa glycoprotein related to
complement control factors that forms part of the extracellular virus
envelope. Virology 188, 801–810.
Engelstad, M., and Smith, G. L. (1993). The vaccinia virus 42-kDa
envelope protein is required for the envelopment and egress of
extracellular virus and for virus virulence. Virology 194, 627–637.
Frischknecht, F., Moreau, V., Ro¨ttger, S., Gonfloni, S., Rechmann, I.,
Superti-Furga, G., and Way, M. (1999). Actin-based motility of vaccinia
virus mimics receptor tyrosine kinase signalling. Nature 401, 926–
929.
Galmiche, M. C., Goenaga, J., Wittek, R., and Rindisbacher, L. (1999).
Neutralizing and protective antibodies directed against vaccinia vi-
rus envelope antigens. Virology 254, 71–80.
Hiller, G., and Weber, K. (1985). Golgi-derived membranes that contain
an acylated viral polypeptide are used for vaccinia virus envelop-
ment. J. Virol. 55, 651–659.
Hirt, P., Hiller, G., and Wittek, R. (1986). Localization and fine structure
of a vaccinia virus gene encoding an envelope antigen. J. Virol. 58,
757–764.
Ichihashi, Y., and Dales, S. (1971). Biogenesis of poxviruses: Interrela-
tionship between hemagglutinin production and polykaryocytosis.
Virology 46, 533–543.
Ichihashi, Y., Matsumoto, S., and Dales, S. (1971). Biogenesis of poxvi-
ruses: Role of A-type inclusions and host cell membranes in virus
dissemination. Virology 46, 507–532.
Isaacs, S. N., Wolffe, E. J., Payne, L. G., and Moss, B. (1992). Charac-
terization of a vaccinia virus-encoded 42-Kilodalton class I mem-
brane glycoprotein component of the extracellular virus envelope.
J. Virol. 66, 7217–7224.
Mackett, M., Yilma, T., Rose, J. K., and Moss, B. (1985). Vaccinia virus
RR
R
S
S
S
S
S
T
V
V
W
W
W
36 VAN EIJL, HOLLINSHEAD, AND SMITHrecombinants: expression of VSV genes and protective immunization
of mice and cattle. Science 227, 433–435.
McIntosh, A. A., and Smith, G. L. (1996). Vaccinia virus glycoprotein
A34R is required for infectivity of extracellular enveloped virus. J. Vi-
rol. 70, 272–281.
Moss, B. (1996). Poxviridae: The viruses and their replication. In “Virol-
ogy” (B. N. Fields, D. M. Knipe, P. M. Howley, R. M. Chanock, J.
Melnick, T. P. Monath, B. Roizman, and S. E. Straus, Eds.), 3rd ed., Vol.
2, pp. 2637–2671. Lippincott-Raven, Philadelphia.
Parkinson, J. E. (1995). D.Phil. University of Oxford, Oxford.
Parkinson, J. E., Sanderson, C. M., and Smith, G. L. (1995). The vaccinia
virus A38L gene product is a 33-kDa integral membrane glycopro-
tein. Virology 214, 177–188.
Parkinson, J. E., and Smith, G. L. (1994). Vaccinia virus gene A36R
encodes a Mr 43–50 K protein on the surface of extracellular envel-
oped virus. Virology 204, 376–390.
Rodriguez, J. F., and Smith, G. L. (1990). IPTG-dependent vaccinia virus:
Identification of a virus protein enabling virion envelopment by Golgi
membrane and egress. Nucleic Acids Res. 18, 5347–5351.
oper, R. L., Payne, L. G., and Moss, B. (1996). Extracellular vaccinia
virus envelope glycoprotein encoded by the A33R gene. J. Virol. 70,
3753–3762.
oper, R. L., Wolffe, E. J., Weisberg, A., and Moss, B. (1998). The
envelope protein encoded by the A33R gene is required for formation
of actin-containing microvilli and efficient cell-to-cell spread of vac-
cinia virus. J. Virol. 72, 4192–4204.
o¨ttger, S., Frischknecht, F., Reckmann, I., Smith, G. L., and Way, M.
(1999). Interactions between vaccinia virus IEV membrane proteins
and their roles in IEV assembly and actin tail formation. J. Virol. 73,
2863–2875.
anderson, C. M., Frischkneht, F., Way, M., Hollinshead, M., and Smith,
G. L. (1998). Roles of vaccinia virus EEV-specific proteins in intracel-
lular actin tail formation and low pH-induced cell–cell fusion. J. Gen.
Virol. 79, 1415–1425.
anderson, C. M., Hollinshead, M., and Smith, G. L. (2000). The vacciniavirus A27L gene is needed for the microtubule-dependent transport
of intracellular mature virus particles. J. Gen. Virol. 81, 47–58.
anderson, C. M., Parkinson, J. E., Hollinshead, M., and Smith, G. L.
(1996). Overexpression of the vaccinia virus A38L integral membrane
protein promotes Ca21 influx into infected cells. J. Virol. 70, 905–914.
chmelz, M., Sodeik, B., Ericsson, M., Wolffe, E. J., Shida, H., Hiller, G.,
and Griffiths, G. (1994). Assembly of vaccinia virus: The second
wrapping cisterna is derived from the trans Golgi network. J. Virol. 68,
130–147.
hida, H. (1986). Nucleotide sequence of the vaccinia virus hemagglu-
tinin gene. Virology 150, 451–462.
ooze, J., Hollinshead, M., Reis, B., Radsak, K., and Kern, H. (1993).
Progeny vaccinia and human cytomegalovirus particles utilize early
endosomal cisternae for their envelopes. Eur. J. Cell Biol. 60, 163–
178.
anderplasschen, A., Mathew, E., Hollinshead, M., Sim, R. B., and
Smith, G. L. (1998). Extracellular enveloped vaccinia virus is resistant
to complement because of incorporation of host complement control
proteins into its envelope. Proc. Natl. Acad. Sci. USA 95, 7544–7549.
anderplasschen, A., and Smith, G. L. (1997). A novel virus binding
assay using confocal microscopy: Demonstration that the intracellu-
lar and extracellular vaccinia virions bind to different cellular recep-
tors. J. Virol. 71, 4032–4041.
olffe, E. J., Isaacs, S. N., and Moss, B. (1993). Deletion of the vaccinia
virus B5R gene encoding a 42-kiloDalton membrane glycoprotein
inhibits extracellular virus envelope formation and dissemination.
J. Virol. 67, 4732–4741.
olffe, E. J., Katz, E., Weisberg, A., and Moss, B. (1997). The A34R
glycoprotein gene is required for induction of specialized actin-
containing microvilli and efficient cell-to-cell transmission of vaccinia
virus. J. Virol. 71, 3904–3915.
olffe, E. J., Weisberg, A. S., and Moss, B. (1998). Role for the vaccinia
virus A36R outer envelope protein in the formation of virus-tipped
actin-containing microvilli and cell-to-cell virus spread. Virology 244,
20–26.
